Introduction
Clarins belong to a large hyperfamily of small integral membrane glycoproteins (4TM) involved in a variety of cellular processes, including receptor trafficking, clustering of signal-associated molecules, and scaffolding functions. These proteins form multimolecular complexes creating an intricate network in which signaling molecules complex together giving origin to subcellular structures known as the tetraspan-enriched microdomains. Thus, by integrating different signaling pathway components, these small transmembrane proteins act as modulators of the signaling cascade and, ultimately, of cell homeostasis (Adato et al., 2002; Charrin et al., 2003; Chen et al., 2003; Xiong et al., 2012) .
Mutations in the clarin-1 gene are associated with Usher syndrome type 3, a genetically heterogeneous disorder that affects hearing, balance, and vision in humans (Adato et al., 2002) . Amino acid alignments between clarin-1 and different members of the 4TM hyperfamily established a modest degree of similarity with stargazin, a calcium channel subunit involved in expression, mobilization, and clustering of AMPA (-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors at the synaptic cleft. Since in the inner ear, clarin-1 is not only present at the apical and basal aspects of the hair cells but also in the afferent neurons that innervate them, a similar role in synaptic shaping has been suggested (Adato et al., 2002; Chen et al., 2003; Geng et al., 2009; Zallocchi et al., 2009) .
In recent years, significant efforts have been made to characterize clarin-1 function in inner ear. These studies have shown that, similar to other Usher proteins, clarin-1 is necessary for hair bundle and ribbon synapse development and maintenance. Studies in the clarin-1 mutant mouse (Clrn1 / ) showed variable vestibular dysfunction, progressive hearing loss, compromised hair bundle integrity, and a delay in ribbon synapse maturation and neuronal activation (Geng et al., , 2012 Zallocchi et al., 2012b) . Expression of the clarin-1 orthologue has also been demonstrated in zebrafish, in which it may be functioning as a scaffold protein between different retinal cell types .
Although, the effects of clarin-1 mutations on hair cell function and morphology have been demonstrated by different groups, very little is known regarding clarin-1 function at the molecular level. In this study, we examined clarin-1 expression C larin-1 is a four-transmembrane protein expressed by hair cells and photoreceptors. Mutations in its corresponding gene are associated with Usher syndrome type 3, characterized by late-onset and progressive hearing and vision loss in humans. Mice carrying mutations in the clarin-1 gene have hair bundle dysmorphology and a delay in synapse maturation. In this paper, we examined the expression and function of clarin-1 in zebrafish hair cells. We observed protein expression as early as 1 d postfertilization. Knockdown of clarin-1 resulted in inhibition of FM1-43 incorporation, shortening of the kinocilia, and mislocalization of ribeye b clusters. These phenotypes were fully prevented by co-injection with clarin-1 transcript, requiring its C-terminal tail. We also observed an in vivo interaction between clarin-1 and Pcdh15a. Altogether, our results suggest that clarin-1 is functionally important for mechanotransduction channel activity and for proper localization of synaptic components, establishing a critical role for clarin-1 at the apical and basal poles of hair cells. and function in zebrafish hair cells. We observed expression of clarin-1 between 1 and 7 d postfertilization (dpf). Hair cells from clarin-1 morphants (MOs) show a decrease in mechanotransduction channel activity, defects in vesicular turnover, shorter kinocilia, and mislocalized synaptic markers. Furthermore, we observed an interaction between clarin-1 and the fish orthologue to mouse PCDH15 (protocadherin-15), Pcdh15a. This Usher protein, together with cadherin-23 (CDH23), is a key component of the tip links that gate the mechanotransduction channels in mouse hair cells (Kazmierczak et al., 2007) . Absence of clarin-1 in zebrafish hair cells results in altered Pcdh15a distribution. Collectively, our data suggest that clarin-1 may be involved in the processes leading to tip link formation, through vesicle turnover regulation and, ultimately, affecting mechanotransduction channel activity. Cilia and localization of synaptic components may also be affected as a result of an altered vesicle recycling in the absence of clarin-1. In summary, this work underscores novel and critical functions for clarin-1 at both the apical and basal poles of fish hair cells.
Results

Antibody qualification
The clarin-1 antibody developed in our laboratory was qualified by morpholino knockdown and rescued with clarin-1 copy RNA (cRNA) and by exogenous expression of zebrafish tdTomatoclarin-1 in HeLa cells. Immunoblot analyses (Fig. S1 ) of 2 dpf larvae showed two prominent bands near 30 kD (likely caused by alternative start codon usage, clrn1-001 ENSDART00000149872 and clrn1-201 ENSDART00000062909, and/or to different glycosylation states), consistent with the predicted size for zebrafish clarin-1. Normal expression of clarin-1 was observed at 1 and 2 dpf, but beyond this time point, we were unable to detect clarin-1 by Western blotting (Fig. S1 and not depicted). Clarin-1 is absent from the specific MOs, whereas co-injection with the clarin-1 cRNA restored this expression. Immunohistochemistry analysis of 3 dpf controls shows apical expression of clarin-1 in hair cells from both neuromasts (Fig. S1 , A and E) and ears (Fig. S1, I and M) . This apical expression is reduced or absent in the clarin-1 MOs (Fig. S1 , B, F, J, and N), whereas the co-injection with the cRNA (Fig. S1 , C, G, K, and O) restored normal apical expression. These results, together with the immunoreactivity data from HeLa cells exogenously expressing zebrafish clarin-1 (compare Fig. S1 , Q-S vs. T-V), demonstrate the specificity of our clarin-1 antibody.
Clarin-1 expression in zebrafish hair cells
A recent study by Phillips et al. (2013) demonstrated expression of clarin-1 protein at the apical and basal aspect of zebrafish hair cells at 5 dpf. We expanded that work by analyzing its expression between 1 and 7 dpf, using our fusion protein antibody. Immunohistochemistry analyses of whole mount embryos/larvae show apical expression of clarin-1 in hair cells of the ear and lateral line organ (Fig. 1) . At 1 dpf, clarin-1 is present in both anterior and posterior macular hair cells (Fig. 1, panel I , A-B, asterisks). This apical expression persists and extends to the three crista sensory organs until 5 dpf (Fig. 1 , panel I, C-H; and not depicted); beyond this time point, we were unable to detect clarin-1 in ear hair cells. Clarin-1 was also observed at the tip of the hair cell bundle starting at 3 dpf; however, its detection was sporadic and variable, likely as a result of epitope masking and/or low antibody sensitivity (not depicted). clarin-1 fluorescence falls between the two ciliary markers. To confirm clarin-1 expression at the ciliary transition zone, 4 dpf neuromasts were immunostained with the transition zone protein Cc2d2a (Fig. 2, F -I; Bachmann-Gagescu et al., 2011; Williams et al., 2011) . Partial colocalization was observed between clarin-1 and Cc2d2a, with clarin-1 restricted to the most basal region of the transition zone (Fig. 2 I) .
Although clarin-1 is highly enriched at the apical aspect of hair cells (Fig. S2 , asterisks), we were still able to detect scattered basal expression in 3 dpf cross sections (Fig. S2, arrowheads) . Neuromasts (Fig. S2 , A-C) and inner ear sensory organs (Fig. S2 , D-L) were dual immunostained with the hair cell marker myosin7a or different synaptic markers, respectively. Macular hair cells showed juxtaposed localization between ZN12 and clarin-1. Similarly, lateral crista immunostaining (Fig. S2 , G-L) showed juxtaposed localization between clarin-1 and ribeye b. These results indicate that clarin-1 is also present at the basal aspect of hair cells, near the ribbon synapses.
Neuromast hair cells (Fig. 1 , panel II) also showed apical expression of clarin-1 starting at 2 dpf but only in mature sensory cells. Immature sister hair cells (determined by the presence of an incipient hair cell bundle; Kindt et al., 2012) were negative for clarin-1 (Fig. 1, panel II , B and D, asterisks) . Although weak, we still detected apical expression of clarin-1 at 7 dpf.
Clarin-1 distribution in ear and neuromast hair cells shows little colocalization with the actin core present at the hair cell bundle and cuticular plate. Interestingly, most of clarin-1 immunostaining is observed basal to the cuticular plate and at the point of insertion of the kinocilium, the fonticulus, where the basal body resides (Fig. 1, panel I [E] and panel II [C] ). Further examination of clarin-1 expression in the cilia compartment (Fig. 2) positions clarin-1 in the transition zone (Ko, 2012; Reiter et al., 2012) , the region between the basal body (stained for -tubulin) and the axoneme (stained for acetylated tubulin; Fig. 2, A-E) . Fluorescence intensity profiles show that most of (PLL; Fig. 3 , G-I, asterisks) upon depletion of clarin-1, even in MOs with a weak or mild phenotype (compare Fig. 3 , G vs. H). Again, this effect was reversed when eggs were co-injected with the cRNA (Fig. 3 I and numerical results) . Because, during the developmental window under study, we never observed clarin-1 expression in supporting (or mantle) cells (Fig. 1, cartoons) , the results imply that clarin-1 is involved in neuromast formation through a role in the regulation of hair cell maturation. To map the protein region involved in this effect, we co-injected clarin-1 MOs with a clarin-1 transcript lacking the cytoplasmic C-terminal tail (cRNACT). This truncated form showed normal apical protein localization in hair cells from both neuromasts and ears (Fig. S1 , D, H, L, and P) and restored protein levels (Fig. S1 , immunoblot). At 3 dpf, the gross morphology of the larvae injected with this suspension was similar to controls (Fig. 3 F) or showed a weak phenotype, with a slight body curvature (Fig. 3 J) . However, the number of neuromasts in these animals was only partially rescued (Fig. 3, J and numerical results), suggesting
Characterization of clarin-1 MOs
To analyze whether the lack of clarin-1 protein influences hair cell development, one-cell stage eggs were injected with control morpholinos, the clarin-1 morpholino mixture, or the mixture plus clarin-1 cRNA (Fig. 3, A-E and G-I). At 3 dpf, clarin-1 MOs show shortening of the body axis (weak phenotype; Fig. 3 B) , ventrally curved body axis, and pericardial edema (mild and severe phenotypes; Fig. 3 , C and D, respectively), which are some of the characteristics previously described for ciliary mutants/ MOs (Kramer-Zucker et al., 2005; Wilkinson et al., 2009; AustinTse et al., 2013) . Clarin-1 MOs showed inclined or circle swimming behaviors (Kalueff et al., 2013) . The restoration of clarin-1 expression by co-injection with the clarin-1 cRNA (Fig. S1 ) rescued these morphological defects (Fig. 3 E) . The analysis of the lateral line organ by immunostaining with the hair cell marker HCS-1 (hair cell soma-1; Fig. 3 , G-I and numerical results), showed a pronounced reduction in the number of neuromasts present in both the anterior and the posterior lateral line Results are expressed as means ± SEM. Number of neuromasts analyzed from independent samples, n > 15. *, P < 0.05; **, P < 0.01; ***, P < 0.001 versus control MO. ++, P < 0.01; +++, P < 0.001 versus clarin-1 MO + cRNA. a.u., arbitrary unit.
Since clarin-1 knockdown seems to affect hair cell development and because of its apical expression in mature hair cells, we examined whether it might be involved in hair cell function. Injected larvae were assessed for FM1-43 uptake as a way to analyze mechanotransduction channel functionality ( Fig. 4 ; Gale et al., 2001; Meyers et al., 2003; Sidi et al., 2003) . We observed a significant decrease of FM1-43 uptake in neuromast hair cells from clarin-1 MOs compared with controls. This impairment in dye uptake did not occur when embryos were co-injected with clarin-1 full-length cRNA (Fig. 4 , A-C, E-G, I, and K). Clarin-1 cRNACT did not rescue this phenotype (Fig. 4 , D and H). Fluorescence values in clarin-1 cRNACT were similar to those observed for the clarin-1 MOs with almost a complete blockage of FM1-43 uptake, establishing the importance of the clarin-1 C-terminal region for proper mechanotransduction channel activity. Moreover, the reduction in the total fluorescence intensity observed for the clarin-1 MOs and clarin-1 morpholinos + cRNACT (Fig. 4 I) was not caused by a reduction in the number of hair cells per neuromast (Fig. 4 J) but rather in their ability to incorporate the dye (Fig. 4 K) , which is consistent with a defect associated with the mechanotransduction machinery.
Two closely related pcdh15 genes have been identified in zebrafish (Seiler et al., 2005) , with Pcdh15a involved in hearing and vestibular functions presumably through the formation of the tip links that gate the mechanotransduction channels, as is the case in mammalian hair cells (Kazmierczak et al., 2007; Indzhykulian et al., 2013) . We generated Pcdh15a MOs and tested them for dye uptake impairment. These experiments (Fig. S3 , A-D) showed a reduction in FM1-43 incorporation in the MOs compared with controls. This decrease, qualitatively similar to the one observed in the clarin-1 MOs, provides a positive control for a known component of the mechanotransduction machinery and suggests that clarin-1 might be playing a role in the maturation and/or regulation of mechanotransduction channel activity in the neurosensory epithelia.
Because clarin-1 MOs have a phenotype that resembles ciliary mutants, planar cell polarity (PCP) was also assessed. Neuromast hair cells originate in pairs, with sister cells adopting opposite polarities that can be determined by the position of the kinocilium relative to the actin-rich hair bundle (Kindt et al., 2012; Mirkovic et al., 2012) . The results presented in Fig. S4 (A-D) show that clarin-1 is not required for PCP. No obvious differences were observed in the normal orientation of hair bundles from sister hair cells when comparing control and morpholino-injected animals.
Ultrastructural analysis showed that hair bundles with stereocilia staircase shape developed in the specific clarin-1 MOs; however, further analysis will be needed to completely rule out any abnormalities in hair bundle morphology (Fig. S4 , E and F). As clarin-1 is also expressed at the point of insertion of the kinocilium, we examined primary cilia morphology. Immunohistochemistry and scanning EM (SEM) analysis showed a significant reduction 
Clarin-1 interaction with the mechanotransduction machinery
PCDH15 and CDH23 are two major components of the tip links that gate the mechanotransduction channels in mammals (Kazmierczak et al., 2007) . Mutations in their corresponding genes are associated with Usher syndrome type I and nonsyndromic hearing loss (Bolz et al., 2001; Ahmed et al., 2003 Ahmed et al., , 2006 Schultz et al., 2011) . Several interactions between these and other Usher proteins have been described (Reiners et al., 2006; Zallocchi et al., 2010 Zallocchi et al., , 2012a Caberlotto et al., 2011) . Because the absence of clarin-1 results in dysfunction of the mechanotransduction machinery, we addressed whether clarin-1, Pcdh15a, and/or Cdh23 were part of a protein complex in fish the hair cell bundles and that perturbations in clarin-1/Pcdh15a interactions lead, at least in part, to mechanotransduction channel dysfunction. Although clarin-1 appears to be necessary for correct Pcdh15a apical expression, the reverse is not true.
It is worth noting that although Pcdh15a and clarin-1 show apical expression, their distribution patterns are not exactly the same: Pcdh15a is present only in a subpopulation of neuromast hair cells, whereas clarin-1 is present in all mature hair cells (Fig. 1  vs. Figs. 6 and 7) . Although the restricted expression of Pcdh15a to a subgroup of hair cells may be caused by epitope masking (Ahmed et al., 2006) , the in vivo interaction between these two Usher proteins likely occurs at the base (or the tip) of the hair cell bundle in mature hair cells, where clarin-1 and Pcdh15a colocalize. Similar experiments performed to study a possible clarin-1/Cdh23 association did not show any significant differences compared with controls (not depicted), suggesting that under the experimental conditions used in these experiments, no interaction between clarin-1 and Cdh23 exists.
To confirm whether absence of Pcdh15a from the hair cell bundle correlates with the absence of clarin-1, we took advantage of the His tag epitope present in the in vitro transcribed clarin-1 cRNAs (Fig. 7) . Clarin-1 MOs, lacking clarin-1 apical expression (negative His tag immunostaining), were also negative for Pcdh15a protein expression (Fig. 7, A-D) . When eggs were co-injected with the full-length clarin-1 His-tagged transcript (Fig. 7 , E-H), expression of both clarin-1 and Pcdh15a was restored to the apical aspect of the hair cells. However, when the cRNACT His-tagged version was used (Fig. 7, I -L), Pcdh15a was absent from the apical aspect of the hair cells in spite of normal apical expression of clarin-1. These results not only demonstrate a dependency for clarin-1 for appropriate apical localization of Pcdh15a but also the requirement of the clarin-1 cytoplasmic C-terminal tail in this process.
Clarin-1 deficiency affects localization of synaptic components
A functional role at the hair cell synapses has been described for several Usher proteins, including synaptic maturation and regulation of calcium channel activity (Kersten et al., 2010; Zallocchi et al., 2012a,b; Gregory et al., 2013) . Additionally, floating ribbons have been observed for an Usher fish model, Usher type 1C (Phillips et al., 2011) , implicating them in the maturation of the synapses.
Because clarin-1 can also be detected at the base of the hair cells in mammals and fish ( Fig. S2 ; Zallocchi et al., 2009; Phillips et al., 2013) , we analyzed whether its depletion affects distribution of synaptic components. Experiments were performed in a transgenic line expressing a membrane-targeted GFP in ear and neuromast hair cells (Trapani et al., 2009) . By using this fish line, we were able not only to identify individual hair cells but also to determine the distribution of the synaptic ribbons along the basolateral plasma membrane. Membrane-associated guanylate kinases (MAGUKs) and ribeye b were used as post-and presynaptic markers, respectively (Figs. 8 and 9 ). The ribeye b antibody, developed and qualified by our laboratory (Fig. S5) , showed the characteristic puncta staining at the base of the hair cells (Sheets et al., 2011) in controls (Fig. S5 , A and C) but not hair cells (Söllner et al., 2004; Seiler et al., 2005) . Reciprocal immunoprecipitation experiments were performed in 3 dpf larvae (Fig. 6 A) . Results from these experiments showed a specific interaction between clarin-1 and Pcdh15a. We were able to immunoprecipitate clarin-1 with anti-Pcdh15a (Fig. 6 A, IP 15A ) and, vice versa, Pcdh15a with anti-clarin-1 (Fig. 6 A, IP Clrn1) . No band was observed when preimmune serum was used as the immunoprecipitating antibody (Fig. 6 A, IP NRS) , confirming the specific in vivo interaction between these two Usher proteins. Although immunoblot analysis of 3 dpf larva lysates showed at least three specific bands for Pcdh15a (Fig. S3) only the full length (NCBI Protein database accession no. AAW50923) interacts with clarin-1 under our experimental conditions.
To further characterize the relationship between Pcdh15a and clarin-1, we analyzed their pattern of expression in the reciprocal MOs (Fig. 6, B-O) . Control injected embryos showed Pcdh15a localization in the hair cell bundles (Fig. 6, B-C) . This expression was specific, as pcdh15a MOs lacked apical immunostaining (Fig. 6, D and E) . Apical expression was also absent or reduced when clarin-1 protein was depleted from neuromast hair cells (Fig. 6, F and G) . Co-injection with the fulllength clarin-1 transcript restores Pcdh15a expression (Fig. 6 , H and I). In contrast, when MOs were co-injected with the cRNACT, very weak to no expression of Pcdh15a was observed, suggesting that the C-terminal tail of clarin-1 is necessary for proper localization of Pcdh15a in the hair cell bundles (Fig. 6, J and K) .
When dependency of clarin-1 expression was analyzed in the Pcdh15a MOs, no effect in clarin-1 distribution was observed (Fig. 6, L-O) . These data and the corresponding numerical results (Fig. 6 , B-O, top right corner) suggest that clarin-1 association may be required for incorporation of Pcdh15a into Neuromast hair cells were also examined in 3 dpf larvae (Fig. 9 , A-F and M). Again, an increase in the number of ribeye b puncta was observed in the clarin-1 MOs. The supernumerary and mislocalized ribeye b expression was not observed when embryos were co-injected with clarin-1 cRNA (Figs. 8 and 9 , G-I and M), in the ribeye b MOs (Fig. S5, B and D) . When 2 dpf anterior maculae were analyzed in the clarin-1 MOs, we observed a significant increase in the total number of ribeye b puncta present in the ear hair cells (Fig. 8, A-F and M), with these additional puncta being mislocalized at the apical aspect of the hair cells. suggesting that clarin-1 might be playing a role in proper localization of ribeye b. cRNACT did not rescue the synaptic phenotype (Figs. 8 and 9 , J-L and M), establishing the importance of the cytoplasmic tail for normal ribeye b localization and, more likely, for synaptic formation. Pre-and postsynaptic boutons, determined by the juxtaposed ribeye b/MAGUK immunofluorescence, did not form in the mislocalized ribeye b, suggesting that those are not functional synapses.
Clarin-1 involvement in vesicle recycling
The fact that clarin-1 localized to subcellular regions enriched in vesicles and because several associations with different vesicle markers have been demonstrated (Tian et al., 2009; Zallocchi et al., 2012b) , we assessed whether the effects observed in the MOs might be caused by regulation of vesicle recycling by clarin-1. We used two different approaches (Fig. 10) . First, we analyzed FM1-43 internalization by neuromast hair cells as an indication of endocytosis. There are two ways FM1-43 can enter the hair cells: (1) through the mechanotransduction channels within a tenth of a second and (2) by endocytosis which requires longer incubations. To block FM1-43 uptake through the mechanotransduction channels, tip links were disrupted by preincubation of the injected animals with BAPTA. This pretreatment allows the specific evaluation of FM1-43 incorporation by endocytosis. BAPTA-treated animals were then incubated for 30 min with FM1-43. The 30-min incubation period was chosen based on previous experiments (Fig. 10 A) in which 3 dpf larvae were preincubated with BAPTA and then with the FM1-43 dye for a very short period of time (20 s), allowing the entrance of the dye through the mechanotransduction channels only. These experiments showed that fish hair cells require ≥2 h to recover from the BAPTA treatment, which implies that after BAPTA and during the first 30 min, dye entry will only occur through endocytosis (Seiler and Nicolson, 1999; Meyers et al., 2003) . Results from these experiments (Fig. 10 , B-F) showed significant reduction in FM1-43 internalization in the clarin-1 MOs (Fig. 10, B and D) compared with control (Fig. 10 , B and C) and cRNA rescued larvae (Fig. 10, B and E). Co-injection with clarin-1 cRNACT also restored FM1-43 incorporation to control levels (Fig. 10, B and F) . As a second approach, we analyzed the distribution of the recycling endosomal marker rab11a (Ullrich et al., 1996) . Rab11a is mainly expressed at the apical aspect of zebrafish hair cells (Clark et al., 2011) , and its involvement in ciliogenesis has been demonstrated (Westlake et al., 2011; Asante et al., 2013) . Fig. 10 (G-J) shows representative images of 3 dpf neuromasts immunostained for rab11a/b. Control animals showed expression of rab11a/b in hair cells with an accumulation toward their apical pole (Fig. 10 G, arrowhead) . Rab11a/b expression was absent in the clarin-1 MOs but restored when eggs were co-injected with the full or truncated version of clarin-1 (Fig. 10, H vs. I and J). Combined, these results suggest that clarin-1 is involved in hair cell vesicle recycling and that its cytoplasmic tail is not required for this function. clarin-1 transcripts, point to a potential role for clarin-1 as a modulator during late ciliogenesis.
It is worth mentioning that two recent articles have shown a relationship between nasal epithelial cell function and Usher type I and type II proteins in Usher patients (Armengot et al., 2012; Piatti et al., 2014) . As for clarin-1, this is the first work presenting evidence that suggests a direct role in ciliogenesis for an Usher protein. Because Usher mouse models show a disruption of the hair cell bundle integrity (Lefèvre et al., 2008) , most of the studies related to clarin-1 at the apical aspect of hair cells have been focused on the stereocilia Geng et al., 2009 Geng et al., , 2012 . Its putative role in kinocilium formation, before this work, was unexplored. Given the results presented here, it would be interesting to determine whether clarin-1 plays a role in ciliogenesis in mammalian vestibular and embryonic cochlear hair cells.
Increasing evidence suggests the existence of an Usher interactome. The fact that clarin-1 is not only expressed basally to the hair cell bundle but also at the tip and that mechanotransduction activity was impaired upon clarin-1 depletion lead us to address a possible interaction between clarin-1 and Pcdh15 or Cdh23, the two Usher proteins that are part of the tip links (Kazmierczak et al., 2007) . Using a coimmunoprecipitation (co-IP) approach under experimental conditions that preserve secondary interactions (Charrin et al., 2003) , we observed a reciprocal association between clarin-1 and Pcdh15a. Further evidence of an in vivo dependency was demonstrated by immunohistochemistry experiments showing abnormal Pcdh15a distribution in clarin-1 MOs. These MOs showed absence or residual expression of Pcdh15a. The residual expression agrees with the published data showing the presence of few tip links in Clrn1 / mice and supports the notion of clarin-1 acting as a modulator of a process that is already taking place (Geng et al., 2012) . In this regard, as a facilitator, clarin-1 may be increasing the efficiency of the process that leads to the final assembly of the mechanotransduction machinery. Reduction of the efficiency in clarin-1 MOs may result in incomplete/delayed complex assembly. Furthermore, this interaction with Pcdh15a is mediated by the C-terminal tail of clarin-1 because MOs expressing a truncated version lacked both Pcdh15a apical localization and FM1-43 uptake capabilities in spite of normal clarin-1 localization. This requirement of an interaction between Pcdh15a and clarin-1 for proper apical protein distribution seems to be unidirectional because clarin-1 expression was normal in the pcdh15a MOs, underscoring the potential importance of clarin-1 for tip link assembly.
It is notable that although clarin-1 knockdown leads to a reduction in Pcdh15a apical localization with the concomitant effect in mechanotransduction channel activity, we did not observe any hair cell bundle dysmorphology. This result contrasts with the published data in the Clrn1 / mice (Geng et al., , 2012 in which the impairment in dye uptake and the few tip links correlate with hair cell bundle abnormalities. Although speculative, these discrepancies may be explained by a compensatory mechanism through the zebrafish pcdh15a orthologue, pcdh15b. Previous work (Seiler et al., 2005) described expression of the pcdh15b transcript not only in photoreceptor cells but also in inner ear and neuromasts. Because the extracellular
Discussion
In the current study, we provide new lines of evidence suggesting that clarin-1 is playing a role in the assembly and/or proper localization of key components necessary for normal hair cell function. First, we defined clarin-1 subcellular localization in zebrafish hair cells. Clarin-1 localizes to the stereocilia and below the cuticular plate where transport vesicles accumulate (Kachar et al., 1997) , in the transition zone ciliary subcompartment that constitutes a docking site for proteins destined for the cilium (Williams et al., 2011; Ko, 2012; Reiter et al., 2012) , and at the basal aspect of hair cells where an active process involving vesicle docking, release, and recycling exists (Khimich et al., 2005) . Second, absence of clarin-1 leads to defects in endocytosis and the absence of apically localized molecules involved in vesicle recycling. Third, clarin-1 regulates localization of Pcdh15a to the apical aspect of hair cells, contributing to the assembly and/or function of the mechanotransduction apparatus. Fourth, clarin-1 MOs show short kinocilia, suggesting that clarin-1 may be playing a role in ciliogenesis in hair cells. Lastly, clarin-1 is necessary for proper localization of synaptic components, as indicated by the apical accumulation of ribeye b upon clarin-1 depletion. Combined, these results underscore the importance of clarin-1 as a mediator of protein complex formation and/or transport at both the apical and basal aspects of hair cells.
Clarin-1 protein expression was apparent starting at 1 dpf in macular hair cells, the first sensory patches to appear in zebrafish (Tanimoto et al., 2011) . This expression persists ≤7 dpf, after which clarin-1 is undetectable from hair cells of both ear and neuromasts. Because clarin-1 transcript levels can be measured beyond this time point (not depicted), this implies that although absent from adult hair cells, clarin-1 may be still present in other tissues, i.e., eye , or that there is a down-regulation of the protein that falls below the limit of detection of our antibody preparation.
Clarin-1 MOs showed morphological features associated with ciliopathy mutants/MOs but no differences in PCP. Instead, we observed a decrease in the total number of neuromasts, with hair cells showing dysfunctional mechanotransduction channel activity and short kinocilia. These characteristics of the clarin-1 MOs, i.e., normal hair cell number and PCP, but short kinocilia, coincides with the features observed by Kindt et al. (2012) using ift88 zebrafish mutants. However, in the case of the ift88, they still have normal FM1-43 uptake, suggesting that it is not the abnormal kinocilium per se that is impairing dye uptake and, ultimately, mechanotransduction channel activity in the clarin-1 MOs.
Within the primary cilia, clarin-1 is present at the most basal aspect of the transition zone. This ciliary subcompartment contains molecules involved in the formation of a membrane diffusion barrier that restricts the transport of proteins and lipids to and from the cilia (Fliegauf et al., 2007; Williams et al., 2011; Satish Tammana et al., 2013) . The presence of clarin-1 in the transition zone and the fact that clarin-1 MOs are not completely devoid of primary cilia, but instead have significantly shorter kinocilia, an effect that can be rescued by co-injection with Clarin-1 function in zebrafish hair cells • Ogun and Zallocchi or by depletion of modulators of this assembly, the result is the accumulation and mislocalization of nonfunctional presynaptic components. It is worth mentioning that some of the effects observed in the MOs were irreversible (number of neuromasts and kinocilium length), in that they were not restored after morpholino dilution and clarin-1 reexpression (after 4 dpf), suggesting that there is a specific developmental window during which clarin-1 exerts its effects.
The phenotypes observed in the clarin-1 MOs involving distinct subcellular regions led us to assess whether clarin-1 might be modulating a more general process that ultimately affects these compartments. Because clarin-1 expression correlates with subcellular areas of intense vesicle trafficking and turnover, we studied endocytosis and recycling in neuromast hair cells. Absence of clarin-1 leads to vesicle recycling impairment. Although this effect was rescued when animals were coinjected with the two different versions of clarin-1 transcripts (as well as the kinocilium length and gross animal morphology), Pcdh15a distribution with the concomitant rapid dye uptake and ribeye b localization did not recover. This implies that the truncated form of clarin-1 can still modulate vesicle recycling; however, because the interaction of clarin-1 with different hair cell components occurs through the C-terminal tail, the normal distribution of these molecules in the cRNACT rescued MOs does not occur.
In conclusion, our findings suggest a unified mechanism for clarin-1 action in which, through the modulation of vesicle recycling, clarin-1 facilitates distribution and/or assembly of diverse components necessary for normal hair cell function. These results also reveal an unexpected role for clarin-1 in ciliogenesis and hair cell mechanotransduction channel function through its interaction with Pcdh15a. Future studies exploring the existence of similar mechanisms in photoreceptors may shed light not only on the overall role of clarin-1 in neurosensory cell homeostasis but also in the general processes that are affected in Usher patients.
Materials and methods
Zebrafish strains and husbandry Zebrafish (Danio rerio), AB strain (catalogue number AB; RRID [Research Resource Identifier]: ZIRC_ZL1; Zebrafish International Resource Center) were grown at 28.5°C under standard conditions. Animal care and husbandry were overseen by the Institutional Animal Care and Use Committee at Boys Town National Research Hospital. Experimental larvae were grown in embryo medium (14 mM NaCl, 0.5 mM KCl, 0.25 mM Na 2 HPO 4 , 0.04 mM KH 2 PO 4 , 1.3 mM CaCl 2 , 1 mM MgSO 4 , and 4 mM NaHCO 3 , pH 7.2) at 28.5°C with a 10-h/14-h dark/light cycle (Westerfield, 2007 ). Animals were cryoanaesthetized before the initiation of the experiments (Wilson et al., 2009 ). The transgenic line Tg(bnr3c:mGFP), AB strain, was provided by T. Nicolson (Oregon Health and Science University, Portland, OR) and has been previously described (Xiao et al., 2005; Trapani et al., 2009) .
For 2 dpf experiments in the lateral line organ, only the anterior lateral line neuromasts were analyzed. In the case of 3 dpf larvae of the supraorbital neuromasts, SO2 and SO3 were used for the experiments (Haehnel et al., 2012) .
Morpholino and cRNA injections
Mismatch controls, scrambled, and specific morpholinos were designed by and purchased from GeneTools. For the generation of the clarin-1 MOs, morpholinos against the two putative start sites (clrn1-001 ENSD-ART00000149872 and clrn1-201 ENSDART00000062909; Ensembl domain of both proteins share a high degree of amino acid sequence similarity, it is possible that under conditions in which Pcdh15a is not present, Pcdh15b might be able to help in preserving hair cell bundle integrity. Moreover, under this scenario, we probably will not observe dye uptake, as the intracellular domain of Pcdh15b is highly divergent from Pcdh15a (and mammal PCDH15), which will preclude interactions with other components of the mechanotransduction machinery at the lower tip link density.
Regarding FM1-43 uptake, a modest impairment has already been described for the Clrn1 / mice (Geng et al., 2012) ; however, this is the first study demonstrating an in vivo role for clarin-1 in mechanotransduction channel regulation and suggests that clarin-1 has similar functional roles at the apical domains of both fish and rodent hair cells. Given the almost complete blockage of FM1-43 uptake in the clarin-1 MOs and the observation of an interaction between Pchd15a and clarin-1, we were surprised to find that only a subpopulation of the hair cells showed apical expression of Pcdh15a. As we previously mentioned, this discrepancy may be caused by epitope masking (Ahmed et al., 2006) and the necessity of using calcium chelators to expose some of the domains recognized by the Pcdh15a antibodies. An alternative and more likely explanation is that clarin-1 might be affecting the assembly and/or distribution, not only of Pcdh15a but of other key components involved in mechanotransduction function, resulting in a near-complete inhibition of dye uptake.
A direct interaction between PCDH15 and a different tetraspan, TMHS (tetraspan membrane protein of hair cell stereocilia), has recently been described in mouse (Xiong et al., 2012) . In that work, the authors demonstrated an obligatory association between TMHS and PCDH15 for normal mechanotransduction activity. Because 4TM members have the tendency to form large aggregates with one another functioning as multimolecular complexes, it is possible that clarin-1 is not acting alone but in conjunction with other members of the same hyperfamily. Elucidating the composition of that putative membrane complex will help clarify the mechanisms through which hair cells regulate mechanotransduction channel function.
In addition to mild stereocilia abnormalities, clarin-1
mice have a delay in neuronal maturation and synapse formation Zallocchi et al., 2012a) . To test whether this is true in zebrafish, we analyzed localization and accumulation of synaptic components in clarin-1 MOs. Results from these experiments showed a defect in ribbon protein localization and number. The additional mislocalized ribeye b boutons did not show juxtaposed staining with postsynaptic markers, suggesting that ribeye b accumulation is not sufficient for synapse formation and that clarin-1 is playing a role in the correct localization of synaptic components. Moreover, the functional domain of clarin-1 that is responsible for this effect mapped within the cytoplasmic tail of the protein.
Similar results, regarding mislocalized ribbons that do not form synapses, were reported in a transgenic zebrafish line overexpressing ribeye b (Sheets et al., 2011) . Those results, as well as our findings, suggest that if hair cell presynaptic assembly is altered, either by overexpression of presynaptic components PCR product was sequence verified and used for in vitro transcription using the mMESSAGE mMACHINE T7 Ultra kit (Life Technologies) according to the manufacturer's instructions. Quality of the clarin-1 cRNA was verified by electrophoresis in denaturing gels. The wild-type full-length and the His-tagged full-length clarin-1 transcripts were used indistinctly for some of the experiments.
Dye incorporation Mechanotransduction channel activity assessment. FM1-43 (fixable version; Life Technologies) uptake was performed in 2 and 3 dpf larvae according to Kindt et al. (2012) . In brief, animals were exposed for 20 s to 30 µM (2 dpf) or 3 µM (3 dpf) of FM1-43 in E3 media and washed four times for 5 min each. Animals were PFA fixed and processed for fluorescence analyses. In a set of preliminary results, animals were preexposed to 5 mM BAPTA for 10 min (Kindt et al., 2012) and then to the dye for 5 min; under these conditions, no labeling of the hair cells was observed, confirming that at 20 s the dye entrance is exclusively through the mechanotransduction channels.
Vesicle endocytosis assessment. Animals were preincubated for 10 min in the presence of BAPTA and then for 30 min with FM1-43. After four washes of 5 min each, animals were PFA fixed and processed for fluorescence analyses.
Fluorescence intensity was estimated using ImageJ version 1.48g obtained from the National Institutes of Health. In brief, Area and Integrated Density of the region of interested were calculated using the corresponding tools. Mean Gray Value was calculated for the background, and the Corrected Total Fluorescence was calculated according to the following equation: Corrected Total Fluorescence = Integrated Density  (Area × Mean Gray Value).
Fluorescence analysis Whole mount samples. For ribeye b, MAGUK, and clarin-1 expression analysis, immunohistochemistry was performed in whole larvae according to Mo and Nicolson (2011) with the following modifications: After the 4-h 4% PFA fixation, animals were washed twice for 10 min, permeabilized with cold acetone for 6 min at 20°C, and washed once with distilled water for 5 min and two more times with washing buffer before blocking for 1 h at RT. Primary antibody dilution was 1:500 for ribeye b and MAGUK and 1 µg/250 µl for the affinity-purified anti-clarin-1, in blocking solution. Alexa Fluor 647-, Alexa Fluor 594-, and Alexa Fluor 488-conjugated secondary antibodies were at a dilution 1:1,000. Alexa Fluor 488-conjugated phalloidin was used at a dilution of 1:500 (Life Technologies). Ribeye b punctae were calculated using the Analyze Particles tool of ImageJ with previous transformation to a binary image. Punctae with a size <20 pixels were not included in the final results.
For colocalization analyses of clarin-1 with cc2d2a, fish were processed according to Bachmann-Gagescu et al. (2011) . In brief, animals were fixed with 2% trichloroacetic acid in PBS for 3 h at RT, washed several times with PBS, and incubated in blocking solution (1% Triton X-100, 1% BSA, and 1% DMSO in PBS) for 30 min at RT. Anti-clarin-1 and anticc2d2a (1:20) were incubated overnight with the same blocking solution. Secondary antibody dilutions were 1:1,000 for Alexa Fluor 594 donkey anti-rabbit and 1:200 for Alexa Fluor 488 donkey anti-mouse.
For any other staining, animals were fixed in 4% PFA overnight at 4°C with rocking. After two washes of 10 min each with PBS containing 0.1% Triton X-100, fish were directly incubated with Alexa Fluor 488-conjugated phalloidin (Life Technologies for F-actin detection in the case of the FM1-43 experiments (dilution at 1:500 in blocking solution: 2.5% BSA, 2.5% FCS, and 0.1% Triton X-100 in PBS) or incubated for ≥1 h at RT with 1% Triton X-100 in PBS to dissolve the otolith. Primary antibodies were added overnight at 4°C with rocking. Dilutions were prepared in blocking solution as follows: anti-Pcdh15a, anti-Cdh23, anti-acetylated tubulin, anti-ZN12, and anti-HCS-1 at 1:500 and anti-His6x and anti--tubulin at 1:100. After three washes of 20 min, Alexa Fluor 594-and/or Alexa Fluor 647-conjugated secondary antibodies were added at a dilution of 1:1,000 in blocking solution and incubated overnight at 4°C with rocking. In all the cases, fish were mounted onto poly-l-lysine-coated microscope slides using 80% glycerol as a mounting medium.
Cross sections. 3 dpf larvae were fixed with 4% PFA and 4% sucrose in PBS overnight at 4°C with rocking. After three washes of 10 min at RT with PBS containing 0.1% Triton X-100 larvae were mounted in Optical Cutting Temperature compound and stored at 80°C. 14-µm cryosections were mounted onto poly-l-lysine-coated microscope slides and air dried for ≥30 min. Sections were incubated with blocking solution (0.1% Triton X-100, 2.5% BSA, and 2.5% FCS in PBS) for 1 h at RT and then overnight database) 5-GCGCACAGCCTCATCAGTGGAAATC-3 and 5-TAACTT-GCTTTTGACGGTTAGGCAT-3 and against intron 2 splice donor site of clarin-1 5-TGTATTGTTTGCATCTCTTACAGCT-3 were co-injected into one-cell stage embryos at a concentration of 0.4 mM for each morpholino (total volume of 2 nl). This approach proved to efficiently knock down clarin-1 protein between 1 and 3 dpf larvae. For the rescue experiments, a suspension containing the three different clarin-1 morpholinos at a concentration of 0.4 mM each plus 100 pg clarin-1 cRNA or clarin-1 cRNACT was co-injected in a final volume of 2 nl. Translation-blocking morpholinos against pcdh15a (5-CCTCCGCATCTTCACTTAATGCCTA-3) and ribeye b (5-GAACCGTGCCTCGCACTGCCATCAT-3) and the corresponding mismatch controls were injected at a final concentration of 0.6 and 1.4 mM, respectively.
Embryos/larvae were maintained in embryo media and life screened at RT using a stereomicroscope (MZ10F; Leica) with a Plan Apochromat 1.0× objective and a magnification of 6.3×. Images were captured with a camera (DFC310 FX; Leica) and the Application Suite V4.0.0 acquisition software (Leica).
Antibodies
The following antibodies were generated against zebrafish proteins under contract with Proteintech: affinity-purified rabbit polyclonal against clarin-1, aa 40-135 (RRID: AB_2307327), rabbit polyclonal against ribeye b, aa 1-231 (RRID: AB_2307328), rabbit polyclonal Pcdh15a, aa 1,777-1,796 (RRID: AB_2307329), and rabbit polyclonal Cdh23, aa 3, 213. Other antibodies used in this study were affinity-purified mouse antimyosin7A (Soni et al., 2005; Zallocchi et al., 2012a) Cloning of the clarin-1 zebrafish transcript Total RNA was extracted from 3 dpf embryos using TRIZOL reagent and reverse transcribed using the reverse transcription kit (SuperScript III; Life Technologies). Full-length clarin-1 was obtained using 5-TACTCGAGATGCC-TAACCGTCAAAAG-3 and 5-CAGAATTCTGTACATGAGATCTGCAGC-3 as forward and reverse primers, respectively (GenBank accession no. NM_001002671) and the FastStart High Fidelity PCR System (Roche). A plasmid construct was made by inserting the 713-bp fragment downstream the cytomegalovirus promoter into the HindIII-EcoRI sites of the ptdTomato-N1 vector (containing a pUC and SV40 origins of replication; Takara Bio Inc.). The insert was sequence verified by the University of Nebraska Medical Center DNA Sequencing Core Facility.
Cell culture and transfections
HeLa cells were maintained in DMEM/F-12 medium supplemented with 5% of FCS, 100 U/ml penicillin, 0.1 mg/ml streptomycin, and 0.29 mg/ml lglutamine (Life Technologies). Subconfluent cells were dissociated with 0.05% trypsin and 0.02% EDTA (Life Technologies) and plated onto poly-l-lysinecoated microscope slides (VWR International) at a ratio of 1:10. Cells were then transfected with 1 µg of the corresponding vector using Lipofectamine 2000 (Invitrogen) and prepared for immunofluorescence analysis.
Clarin-1 cRNA in vitro transcription
Full-length D. rerio clarin-1 was cloned using the TOPO TA cloning kit (Life Technologies) and amplified using a forward primer containing a T7 promoter sequence, 5-TAATACGACTCACTATAGGATGCCTAACC-3, and a reverse primer containing a polyadenylation site, 5-TTTATTTCAG-TACATGAGATCTGCAG-3. For the generation of His tag full-length and CT clarin-1 transcripts, two rounds of PCR were used before cloning them into the TOPO plasmid. Primers for first PCR were full-length and CT forward, 5-AGGTACCATGCCTAATCGACAGAAACAGG-3; full-length reverse, 5-GTGGTGGTACATGAGATCTGCAGCTCC-3; and CT reverse primer, 5-GTGCTGGATCCCGGCCAGGCGGATG-3. Primers for second PCR were full-length and CT forward, 5-TAATA-CGACTCACTATAGGTACCATGCCTAATCG-3; full-length reverse, 5-CAT-TATTAGCATCAGTGGTGGTGGTGGTGGTA-3; and CT reverse primer, 5-CATTATTAGCATCAGTGGTGGTGGTGGTGCTGGAT-3. of 1:7,500 for 1 h at RT. Membranes were developed using Western blotting substrate (ECL 2).
Quantification of the specific bands was performed using ImageJ Gel Analysis tool and according to Zallocchi et al. (2012a) . In brief, lanes were selected and plotted, and the area of the pick for each band was quantified.
EM SEM experiments were performed in 3 dpf larvae and according to Kindt et al. (2012) . In brief, specimens were fixed with 2.5% glutaraldehyde and 2 mM CaCl 2 in 0.1 M cacodylate buffer for 1.5 h at RT. After several washes with 80 mM of cacodylate buffer containing 4 mM CaCl 2 , samples were postfixed with 50 mM osmium tetroxide. A scanning electron microscope (Quanta 200; FEI; University of Nebraska Medical Center, Electron Microscopy Core Facility) was used to acquire the images, with a beam strength of 30 kV.
Statistical analysis
Numerical data were graphically represented as scattered plots (individual values) or as graph bars (means ± SEM). Statistical analysis was performed using Prism 5 (GraphPad Software). One-way analysis of variance followed by a nonparametric Dunn's post-test was used to compare the proportion of FM1-43-labeled hair cells. One-way analysis of variance followed by Tukey's post-test was used to analyze the rest of the experiments.
Online supplemental material Fig. S1 shows the specificity of the clarin-1 antibody evaluated by Western blotting and immunofluorescence experiments in clarin-1 MOs and HeLa cells exogenously expressing a tdTomato-clarin-1 fusion protein. Fig. S2 shows that clarin-1 is expressed at the basal aspect of hair cells. Fig. S3 shows qualification of the Pcdh15a antibody performed by Western blot experiments in control and pcdh15a MOs. Fig. S4 shows that clarin-1 MOs have normal PCP and hair cell bundle morphology. We thank J. Taylor and J. Talaska of the Confocal Laser Scanning Microscope Core Facility at University of Nebraska Medical Center (UNMC) for assistance and the Nebraska Research Initiative and the Eppley Cancer Center for support of the Core Facility. We also thank T. Bargar of the Electron Microscope Core Facility at UNMC for SEM assistance. We are grateful to Dr. J. Hudspeth (Howard Hughes Medical Institutes and Laboratory of Sensory Neuroscience, The Rockefeller University) and his research group for their help in establishing the zebrafish laboratory at Boys Town National Research Hospital (BTNRH). We also thank Dr. D. Cosgrove (BTNRH) and Dr. J. Phillips for critically reviewing this manuscript and S. Kennedy for help in figure preparation and art work.
